Background: Several rare lung proteinopathies are characterized by lung fibrosis due to accumulation of misfolded proteins in epithelial cells. Results: The PiZ mouse models the pathological characteristics of these lung proteinopathies, and the pathology is ameliorated by autophagy enhancing therapies. Conclusion: Autophagy represents a key proteostasis mechanism for lung proteinopathies and a potential therapeutic target. Significance: The PiZ mouse is an attractive animal model of lung proteinopathies.
which proteolytic damage to the lung connective tissue results from diminished circulating levels of anti-protease (11) .
In previous studies we have shown that the proteotoxic effect of ATZ accumulation in liver cells is associated with activation of the autophagic response as well as the NFB and TGF␤ signaling pathways (12) (13) (14) . By counteracting the proteotoxic effect of ATZ accumulation, autophagy enhancer drugs carbamazepine (CBZ) and fluphenazine (Flu) have been found to reverse hepatic fibrosis in the PiZ model of ATD (9, 15) . Furthermore, induction of autophagy in the liver of the PiZ mouse by adenoviral-mediated gene delivery of the master transcriptional regulator of the autophagolysosomal system, TFEB, reduces ATZ load and fibrosis in the liver (16) . The PiZ mouse model that was used for these studies has several intriguing characteristics. It was generated with a transgene that encompassed the human ATZ gene, including exons and introns as well as upstream and downstream flanking regions (17) , and it robustly recapitulates the hepatic disease of ATD (9) . These mice have normal levels of endogenous antiproteases, so the liver disease must be attributable to gain-of-function mechanisms. When first analyzed, expression of mutant ATZ was detected in many extrahepatic tissues, including respiratory epithelium (17) . Later AT expression in respiratory epithelium was found in another mouse model of ATD and in a human fetal lung specimen (18) , leading to the conclusion that elements within the regulatory regions of the human AT gene direct AT expression in respiratory epithelial and other extrahepatic cell types. Subsequently, expression of AT has been detected in a variety of human respiratory epithelial cells as well as in bronchoalveolar macrophages by several different approaches and in a variety of cell systems (19 -22) .
Recently we were surprised to find significant collagen deposition in the lungs of the PiZ mice. This observation led us to hypothesize that expression of misfolded ATZ in cells of the respiratory epithelium could have the same consequences in the lung of the PiZ mouse as it has in the liver, namely gain-offunction proteotoxicity. According to this hypothesis, misfolded ATZ accumulates in respiratory epithelial cells, and one of the dysfunctional consequences is excess collagen deposition. Autophagy is also activated as a response designed to mitigate the sequelae of cellular dysfunction by degrading misfolded ATZ. However, because the endogenous autophagic response and presumably other proteostasis mechanisms are insufficient to counteract the proteinopathy, the pathological outcome is manifested by lung fibrosis, mirroring the fibrotic pathology that occurs in the liver of this mouse model. This led us to investigate here the PiZ mouse as a potential model for proteinopathies of the respiratory epithelium, such as surfactant protein C deficiency and Hermansky-Pudlak syndrome. Mouse models of these diseases have been developed, but spontaneous pulmonary fibrosis has not been yet observed, and there is still a lack of ideal models for the fibrosis that accompanies proteinopathy in the respiratory epithelium (23) .
Experimental Procedures
Materials-Rabbit anti-human AT antibody was purchased from DAKO (Santa Barbara, CA), and goat anti-human AT was from Diasorin (Stillwater, MN). Other antibodies include anti-collagen I from Abcam, CD45 and F4/80 from BD Pharmingen, and ICAM1 from Abnova. CBZ and Flu were purchased from Sigma and prepared in stock solutions of 25 mg/ml DMSO and 7.5 mg/ml DMSO, respectively. The HTO/Z and HTO/M cell lines have been previously described (13) . Human skin fibroblast and HepG2 cell lines were purchased from ATCC.
Transgenic Mice, Tissue, and Cells-PiZ x GFP-LC3 mice on both C57/BL6 and FVB/N backgrounds have been described previously (9) . Other transgenic mice, including the ATG7-null (24) , IKK␤⌬hep (25) , and caspase 12-null (26) have also been previously described. The PiZ x GFP-LC3 mice were also bred to the Bec1-null mouse line provided by Z. Yue (27) . Lung and liver from these mice were prepared for immunostaining with anti-AT and anti-GFP histochemical staining for Sirius Red; transmission and immune electron microscopy used previous methods (13) . Hydroxyproline content was determined by the standard protocol (9) .
For quantitative morphometric determinations, the number of stained cells, area-stained, thickness of epithelial layer or basement membrane were each quantified by blind counting in 6 microscopic fields of 10 different sections for each tissue specimen using ImageJ software. When cell counts were investigated, the number of nuclei, as determined by Hoechst staining, was used to exclude the possibility that the fields had different numbers of cells. % area stained was calculated by dividing the positively stained area by the area of the slide covered by lung tissue using the ImageJ software. These determinations are reported as the mean Ϯ S.E.
For experiments in which mice received drug treatment with CBZ or Flu, a standard protocol with drugs administered by oral gavage 5 days per week for a total of 3 weeks, was used. Controls received a similar volume of DMSO by gavage.
Alveolar epithelial cells were isolated from PiZ and control mice using a modified version of previously established method (28) . Briefly the trachea was cannulated and sterile saline instilled to rinse and remove bronchoalveolar fluid. The lungs were perfused with saline via the pulmonary artery to remove any blood. The lungs were then dissected and digested, and the lung cell suspension was obtained using Lung Cell Dissociation kit and protocol (Miltenyi Biotec, San Diego, CA). Finally, mouse type 2 pneumocytes were positively selected and purified using biotinylated anti-mouse EpCAM (e-Bioscience, San Diego, CA) with Streptavidin MicroBeads (Miltenyi Biotec, Inc.) as previously described (28) . Homogenates of these cells were used to determine steady state levels of ATZ and LC3 by immunoblotting (12, 13, 29) . Some of the cells were incubated with lysosomal enzyme inhibitors E-64D and pepstatin A according to previously established conditions before homogenization.
Pulmonary Function Tests-Pulmonary function was measured by the forced oscillation technique using the FlexiVent apparatus (Scireq, Montreal, QC, Canada) as previously described (30) . Mice were tracheotomized with an 18-gauge cannula while under anesthesia with 90 mg/kg pentobarbital-sodium. Ventilation was carried out at 200 breaths/min at a tidal volume of 0.2 ml with a positive end-expiratory pressure of 3 cm of H 2 0. Multiple linear regression was used to fit pressure and volume measurements to the model of linear motion of the lung. Model fits Ͻ0.80 were excluded. Baseline measurements of airway resistance, tissue resistance, and tissue elastance were made. In addition, pressure-volume analysis of the lung was carried out using stepwise volume inflation and deflation of the lung to a maximum pressure of 30 cm H 2 0. The pressure-volume data were used to calculate static lung compliance.
TFEB Gene Transfer in PiZ Mice by Nasal Instillation-The HDAd-TFEB bears the CMV promoter, driving expression of the human TFEB gene, and the HDAd-LacZ vector expresses ␤-galactosidase under the CMV promoter (31) . The HDAd was produced in 116 cells with the helper virus AdNG163, and quality control of the viral preparations was performed as previously described (32, 33) . Groups of 10 6-month-old PiZ mice were treated with HDAd-TFEB or HDAd-LacZ using a dose of 1.5 ϫ 10 10 viral particles per mouse. The viral preparation was diluted in 0.1% L-␣-lysophosphatidylcholine in 0.9% NaCl to a total volume of 30 l, and then small drops were placed in the nares as described previously (34) . Mice were sacrificed 4 weeks later for analysis. To assess delivery of TFEB, relative mRNA was isolated from lung tissue and liver tissue and subjected to RT-qPCR. RNA was isolated with TRIzol reagent, and cDNA was generated using the High-Capacity RNA-to-cDNA kit from Life Technologies. Realtime PCR assays were performed using Taqman Gene Expression Master Mix in 7300 Real-Time PCR system (Applied Biosystems). Taqman probes for the human TFEB gene (Hs00292981_ml) and mouse housekeeping gene GusB (Mm00446953_ml) were purchased from Life Technologies.
Challenge of PiZ Mice with Elastase and Cigarette Smoking-For challenges with porcine pancreatic elastase and cigarette smoking we followed our previously established protocols exactly (35) . Six PiZ and 6 control mice at 5 months of age received porcine pancreatic elastase. Three PiZ and 3 control mice received PBS alone as another negative control. For the smoking challenge, groups of 10 mice at 2 months of age, PiZ and control were subjected to 2 unfiltered cigarettes per day, 6 days/week for 6 months (35) . We used male PiZ mice because they are known to have the highest degree of hepatic ATZ expression/accumulation and proteotoxic sequelae (9, 13) . Mice from the same litter that had not been subjected to smoking were used as non-smoking controls.
Human Tissue and Cells-Explanted lung tissue specimens from six subjects with ATD were collected during lung transplantation at the University of Pittsburgh after approval by the Institutional Review Board with informed consent. These subjects ranged from 37 to 60 years of age and had severe progressive COPD. Ten other ATD lung specimens were provided by the Lung Tissue Research Consortium using a protocol approved by the University of Pittsburgh Institutional Review Board. The subjects were defined by the diagnosis of COPD with serum AT levels Ͻ80 mg/dl but more than 15 mg/dl, therein including patients likely to be ZZ or SZ allotypes but not Z-null. These patients ranged from 44 to 79 years of age and all had some history of smoking. Controls were lungs from nine subjects that did not have pulmonary disease provided by the Lung Tissue Research Consortium (LTRC) or from the Center for Organ Recovery and Education as a part of another protocol approved by the University of Pittsburgh Institutional Review Board. Center for Organ Recovery and Education and LTRC specimens were only used as controls if they were found to have normal morphology by blinded pathological investigation. The LTRC also provided lung tissue from three subjects with idiopathic pulmonary fibrosis.
Bronchial epithelial cells (BECs) obtained from five ATD and five normal donors were cultured on human placental collagencoated Costar trans well filters as described previously (36) . After pulse-chase radiolabeling extracellular fluid and cell homogenates were analyzed by immunoprecipitation for AT followed by SDS-PAGE/fluorography exactly as described previously (13) .
Detection of AT Expression in Human Type I and Type II Pneumocytes-Human type I and II pneumocytes and alveolar macrophages were isolated from de-identified donors as previously described (37) . After 6 days of culture, cells were harvested for RT-qPCR for AT (37) , and supernatant was collected for extracellular levels of AT by ELISA (13) .
Statistical Methods-Normality of distribution was tested with the D'Agostino and Pearson omnibus normality test. When the normality test failed, two-tailed Mann-Whitney nonparametric testing was applied. When Gaussian distribution was observed, unpaired two-tailed t test's were performed if variances were equal, and the same test with Welch correction was performed when the variances were different. In each case the F-test was performed to compare variances.
Software-Graphs and figures were made using Graph Pad Prism 6 and Adobe CS6. Quantitative morphometry was done using ImageJ.
Results

Expression of ATZ in the Lung of the PiZ Mouse Model Is
Accompanied by Activation of Autophagy-For all of the experiments, unless otherwise noted we used the PiZ mouse bred onto the GFP-LC3 background (9) so that autophagosomes could be easily monitored, and controls were the GFP-LC3 background strain. First we investigated whether ATZ was expressed in the lung epithelial cells of PiZ mice. Type 2 alveolar epithelial cells were isolated from PiZ mice, and cell homogenates were subjected to immunoblot analysis for human AT (Fig. 1A) . The results show the presence of an ϳ52-kDa polypeptide in cells from the PiZ but not control mice. An equivalent amount of the loading control GAPDH was detected in cells from control and PiZ mice. Steady state levels of ATZ in lung were ϳ20 -25% that of the level present in the liver of PiZ mice (data not shown). To investigate whether autophagy was activated in the alveolar epithelial cells, we first subjected the homogenates to immunoblot analysis for p62, a known substrate of autophagy ( Fig. 1A) . The results show decreased levels of p62 in PiZ compared with control. To determine whether autophagic flux is increased, we subjected type 2 alveolar epithelial cells from PiZ and control mice to incubation with lysosomal enzyme inhibitors and then used immunoblot analysis to assay for LC3 isoforms (Fig. 1B ). This is a standard assay to evaluate the flux of autophagy in that lysosomal inhibitors block the degradation of LC3-II when flux is increased (29) . The results show a marked increase in LC3-II to LC3-I ratio in PiZ as compared with control and an even more profound increase in the presence of lysosomal inhibitors. These results indicate that autophagic flux is increased in lung epithelial cells of the PiZ mice.
To further investigate whether expression of ATZ in pneumocytes is associated with activation of autophagy, we subjected sections of lung from PiZ and control mice to doublelabel immunostaining with anti-AT (red) and with anti-GFP (green) to detect GFPϩ autophagosomes (Fig. 1C ). The PiZ x GFP-LC3 mouse is shown in the top panels, and the control GFP-LC3 mouse is shown in the bottom panels; the merged image for both red and green fluorescence is on the left and for green only is on the right. The results show accumulation of ATZ in the PiZ mouse (upper left) but not control (lower left). GFPϩ vacuoles are seen in the cells that are positive for ATZ accumulation (upper left), and this can be seen even more clearly when viewed through the green channel in the upper right panel. No staining for ATZ or GFP was seen in the controls (lower panels). These results show ATZ expression in epithelial cells and autophagosomes within the same cells. Furthermore, they show that ATZ expression is sufficient to activate autophagy because autophagosomes are not present in the control GFP-LC3 mouse in the lower panels. It is known that GFPϩ autophagosomes are only seen in the GFP-LC3 mouse when autophagy is activated by starvation (12, 38) .
To determine whether autophagy plays a role in disposal of ATZ in the lungs of the PiZ mouse model, we examined the levels of ATZ in the PiZ x Bec mouse model (Fig. 1D) . The Bec mouse model is heterozygous null for beclin 1 in all tissues and therein is partially deficient in autophagy (27, 39) . The 52-kDa ATZ polypeptide could be detected in homogenates of whole lung tissue. It was specific as shown by the lack of any signal in the Bec mouse. Most importantly, ATZ levels were increased in the PiZ x Bec mice compared with the PiZ mice (the increase was statistically significant by densitometric analysis, p ϭ 0.0397). Indeed both the mature and a partially glycosylated form of ATZ accumulated in the lung of the PiZ x Bec mice. These results provide evidence that ATZ accumulation increases when autophagy is partially deficient.
Together, these results provide evidence that expression of misfolded ATZ in respiratory epithelial cells of the PiZ mouse is accompanied by activation of autophagy with increased autophagic flux, characteristic of what occurs in the liver in the PiZ mouse and in humans with ATD and in inclusion-body myositis and cardiac desminopathy. Furthermore, the results indicate that autophagy plays a role in preventing even more accumulation of misfolded ATZ in the lung.
Excess Collagen Deposition, Leukocyte Infiltration, and Stiffening in the Lungs of the PiZ Mouse Model-Next we investigated the possibility that collagen deposition was increased in the lungs of the PiZ mice. Using trichrome staining ( Fig. 2A ), there is a marked and statistically significant increase in collagen deposition throughout the lungs, including alveolar septal walls and around airways (% area stained was 9.83 Ϯ 0.92 for PiZ and 2.83 Ϯ 0.41 for control, p Ͻ 0.0001). Collagen I immunostaining also demonstrated a marked and significant increase in the PiZ mice (PiZ 8.02 Ϯ 0.99 n ϭ 12; control 0.08 Ϯ 0.02, n ϭ 12; p Ͻ 0.0001 by two-tailed Mann-Whitney test). Hydroxypro- line quantification also demonstrated excess collagen deposition in the lungs of PiZ mice at 3-4, 5-8, and 9 -16 months. It was also increased at 6 -7 weeks, but this increase did not reach statistical significance (Fig. 2B ). It is important to note that the increase in the PiZ lung hydroxyproline content reached 158% that of control in the 5-8 months age group, a magnitude that is comparable with what has been reported for bleomycin-induced pulmonary fibrosis (40) . Furthermore, lung hydroxyproline content was significantly increased in PiZ mouse that were bred onto the beclin1-heterozygous null background (PiZ x Bec1) when compared with the PiZ mouse ( Fig. 2B ). These results suggest that partial deficiency of autophagy renders the PiZ mouse more susceptible to lung collagen deposition and, therein, provides further evidence that autophagy ordinarily counteracts a fibrogenic process in the lung. Lung hydroxyproline content was significantly increased in PiZ mice compared with 5 separate groups of controls (hydroxyproline content (g) in PiZ 0.16 Ϯ 0.01, n ϭ 6; controls versus PiZ compared by two-tailed t test: wild-type 0.07 Ϯ 0.01 n ϭ 20, p ϭ 0.0002;
ATG7-null 0.06 Ϯ 0.01 n ϭ 4 p ϭ 0.0002; beclin1 heterozygotes 0.06 Ϯ 0.00 n ϭ 4 p ϭ 0.0002; caspase12-null 0.07 Ϯ 0.01 n ϭ 5 p ϭ 0.001; IKK␤ kinase null 0.07 Ϯ 0.01 n ϭ 4 p ϭ 0.0004), providing evidence that it was not a strain-specific effect. TEM also demonstrated marked thickening of the basement membrane in proximal and distal airways ( Fig. 2C ). Quantitative morphometry of the thickness of the entire epithelial layer and of the basement membrane alone showed highly significant differences between PiZ and control lungs using the two Next we investigated whether the lung phenotype in the PiZ mouse model includes leukocyte infiltration by subjecting lung specimens from PiZ mice to immunostaining for the pan-leukocyte marker CD45 (Fig. 2D) . The results show a marked is in the right panels, and control, GFP-LC3 (n ϭ 2), age 6 months, is in the left panels. % area stained was 9.83 Ϯ 0.92 for PiZ-GFP-LC3, n ϭ 61 versus 2.83 Ϯ 0.41 for control, n ϭ 21; p Ͻ 0.0001). B, hydroxyproline content. The mean Ϯ S.E. is shown for each group (n ϭ 5-8). *, difference from control, p Ͻ 0.005; **, difference from PiZ, p Ͻ 0.005. C, TEM imaging. Sections from 2 mice each at 50,000ϫ magnification. The thickness was significantly increased in PiZ (n ϭ 6) versus control (n ϭ 5) at age 6 -12 months analyzing 27 and 25 fields, respectively (p Ͻ 0.0001). The arrows point to basement membrane. The control in each is GFP-LC3. D, immunostaining of leukocytes in the lungs of PiZ mice using anti-CD45 (pink). Quantitative morphometry was done for PiZ (n ϭ 4) and the control (n ϭ 3) at age 6 months, analyzing 10 and 9 fields, respectively, for % area stained in sections shown as the mean Ϯ S.E. p ϭ 0.0006 at the right. The control was GFP-LC3.
increase in CD45ϩ cells infiltrating the lungs. F4/80 immunostaining for macrophages was not increased (PiZ 1.87 Ϯ 0.13 n ϭ 12, control 0.94 Ϯ 0.13 n ϭ 12, p ϭ 0.4507 by two-tailed Mann-Whitney test), suggesting that the infiltration is predominantly composed of neutrophils and/or lymphocytes. There was a significant increase in staining for ICAM1 (PiZ 6.20 Ϯ 1.34 n ϭ 12, control 1.30 Ϯ 0.24 n ϭ 12, p Ͻ 0.0001, by twotailed Mann-Whitney test), suggesting endothelial activation that is seen in lung inflammation. These results indicate that leukocyte infiltration is another marker of lung involvement in this model of respiratory epithelial cell proteinopathy.
Next we investigated whether these pathological changes have a significant physiological effect, such as lung stiffening, using the Flexivent apparatus to measure pulmonary function by the forced oscillation technique. We used older mice, (9 months of age) based on a presumption that collagen deposition was progressive and compared PiZ mice to controls (Fig.  3) . The results demonstrate a significant reduction in compliance (14.1%; Fig. 3A ) and a marked increase in tissue resistance (28.8%; Fig. 3B ) in the PiZ mice, consistent with the type of stiffening that would be observed with pulmonary fibrosis. Interestingly, there was also a marked decrease in airways resis- DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 29747 tance (30%; Fig. 3C ), probably reflecting that airways are more effectively held open when the lung interstitium is stiffened by excess collagen (41) . Hysteresis was increased in the PiZ mice, but this difference did not reach statistical significance (Fig.  3D) . However, the increase in hysteresis reached statistical significance in PiZ mice at 14 -17 months of age compared with age-matched controls (Fig. 3F ). Furthermore, the pressure-volume loops were shifted downward and to the right (Fig. 3G ), a pattern of altered hysteresis indicative of the requirement for higher pressures to achieve the same lung volume and identical to what has been described in patients with idiopathic pulmonary fibrosis (42) . There was no significant difference in tissue elastance (Fig. 3E) . These results indicate that collagen deposition is sufficient to affect the physiological phenotype of the PiZ mice with increased lung stiffening. From our review of the literature there are no other mouse models with spontaneous collagen deposition severe enough to cause restrictive functional deficits. Furthermore, the profile of changes in lung function that occur spontaneously in the PiZ model are almost identical to what occurs in human diseases with pulmonary interstitial fibrosis, and the magnitude of these changes is comparable to what is reported for the bleomycin-induced model of experimental pulmonary fibrosis (40, (43) (44) (45) . PiZ Mice Are Not Susceptible to Emphysema Induced by Challenge with Elastase or Cigarette Smoking-To further characterize the lung phenotype in PiZ mice we examined them for emphysematous changes. There was no evidence for spontaneous emphysema in routine histological examination of the PiZ lungs. Challenge with cigarette smoking resulted in increased chord length in the lungs of smoked male PiZ mice compared with un-smoked PiZ mice, and that increase was indistinguishable from what occurred in the control mice ( Fig. 4 ). Elastase challenge also showed no difference. These data indicate that PiZ mice are not more susceptible to emphysema, consistent with the concept that emphysematous pathology in ATD is due to loss-of-function and that the PiZ model does not manifest pathological effects due to loss-of-function.
Role of Autophagy in Lung Proteinopathy
Effect of Delivering Autophagy-activating Transcription Factor TFEB on Pulmonary Collagen Deposition and Leukocyte
Infiltration Using Lung-specific Gene Transfer-Next we investigated the effect of activating the autophagic response locally by lung-directed expression of TFEB, the master transcriptional activator of the autophagolysosomal system (16, 46) . We used an HDAd vector expressing TFEB under the control of the CMV promoter to achieve broad expression in the respiratory epithelium, and the vector was administered to PiZ mice by nasal instillation. An HDAd vector expressing the LacZ reporter gene under the control of the same CMV promoter was used as the control to exclude nonspecific effects of doublestranded DNA. The results show that TFEB gene transfer mediates a significant reduction in collagen deposition, as determined by collagen I immunostaining ( Fig. 5A ) and Sirius Red staining (Fig. 5B ) and a significant reduction in leukocyte infiltration as measured by CD45 staining (Fig. 5C ). Furthermore, there was a significant decrease in steady state levels of ATZ in the lungs of the TFEB-treated mice (Fig. 5D ). This a very important result because it provides evidence that reduced ATZ load is linked to reduced pathology in the lung as a result of TFEB gene transfer and expression. Several other results validate the specificity of this series of experiments. First, there was no difference in hepatic collagen deposition as determined by Sirius Red staining and hydroxyproline content (data not shown) or hepatic ATZ load as determined by PAS/diastase staining (data not shown). Second, human TFEB expression was detected by RT-qPCR in the lungs of the PiZ mice that received the TFEB expressing vector but was undetectable in the lungs of the PiZ that received the control vector and was undetectable in the livers of both groups (data not shown). These results indicate that expression of the autophagy-activating transcription factor TFEB in the airway epithelium specifically reduces ATZ load and proteotoxic sequela in the lung of the PiZ mouse model.
Effect of Autophagy Enhancer Drugs on Pulmonary Collagen Deposition, Stiffening, and Leukocyte Infiltration-Next, we addressed the hypothesis that, by reducing ATZ accumulation/ proteotoxicity, autophagy enhancer drugs would influence collagen deposition and leukocyte infiltration in the lungs of the PiZ model. PiZ mice at 3 months of age were treated for 3 weeks with autophagy enhancers CBZ 100 mg/kg/day and Flu 7.5 mg/kg/day. Collagen deposition was shown to be significantly decreased by drug treatment as evaluated by two different assays. First immunostaining for collagen I (Fig. 6A) showed a marked and statistically significant decrease in the lungs of mice treated with CBZ/Flu (% area for placebo 26.81 Ϯ 0.96, n ϭ 35 images versus CBZ/Flu 23.31 Ϯ 1.090, n ϭ 37 images; p ϭ 0.018). Second, lung hydroxyproline content was significantly decreased in PiZ mice treated with CBZ/Flu (placebo 4.98 Ϯ 0.36, n ϭ 7 mice versus CBZ Ϯ Flu 4.04 Ϯ 0.07 g/mg tissue, n ϭ 5 mice; p ϭ 0.0355). Furthermore, CBZ and Flu each profoundly decreased leukocyte infiltration ( Fig.  6B ; placebo 3.034 Ϯ 0.397, n ϭ 30 versus CBZ/Flu 1.911 Ϯ 0.163, n ϭ 34; p ϭ 0.0127 by t test).
Last, we tested the effect of autophagy enhancer drugs on lung stiffening in the PiZ mice (Fig. 6C ). In this case we used older mice (12-14 months old) so that the effect of the drugs on the most advanced phenotype could be determined. Placebo (n ϭ 11) or the combination of CBZ and Flu (n ϭ 12) was Groups of male mice were subjected to cigarette smoking (S) from 2 to 8 months of age and compared with equal numbers of mice that were not smoked (NS). Chord length was significantly increased by cigarette smoking, p ϭ 0.0317 for C57B6 (*) and p ϭ 0.0286 for PiZ (**). There were no significant differences for PiZ NS versus C57B6 NS (p ϭ 0.4857) and PiZ versus C57B6 S (p ϭ 0.4440), two-tailed Mann-Whitney test.
administered by subcutaneous pellets for 6 weeks. The results show a marked and statistically significant reduction in tissue resistance. In fact the tissue resistance was reduced to the level of wild type mice (see Fig. 3 ). CBZ and Flu treatment also led to a statistically significant reduction in hysteresis (Fig. 6C) , and the pressure-volume loops shifted toward the left and upward ( Fig. 6D ). When compared with placebo and overlaid on the loops from wild type and PiZ mice (data from Fig. 3 ) it can be seen that the treatment corrected the pattern of the pressurevolume curve almost back to the pattern of wild type mice (Fig.  6D) . The treatment did not reverse the pathological changes in lung compliance and airway resistance in this series of experi- DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50
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ments. It may be that earlier initiation and/or longer duration of therapy is needed to reverse the decreases in compliance and airway resistance that reflect altered lung function in the PiZ mice. CBZ/Flu had no effect on the pulmonary function of control mice (data not shown). Together, these results indicate that autophagy enhancer drugs CBZ and Flu mediate significant reductions in lung collagen deposition, leukocyte infiltration, and at least two measures of lung stiffening in the PiZ model.
Expression of ATZ in Human Respiratory Epithelial Cells Is
Accompanied by Increased Autophagic Flux-Next we investigated whether AT is expressed in respiratory epithelial cells from human lung and whether misfolded ATZ accumulates with activation of autophagy in these cells. First, type I and II pneumocytes as well as pulmonary macrophages cultured from normal human lung were found to express AT by RT-qPCR and ELISA (Fig. 7) . Second, BECs were cultured from the native lungs of patients with ATD who underwent lung transplantation. BECs were used because they are the only epithelial cells available from human lungs. Pulse-chase labeling for analysis of synthesis and secretion (Fig. 8A) shows that BECs from the control (MM) have the characteristic ϳ52and 55-kDa polypeptides in the intracellular lysates (IC) and the mature 55-kDa polypeptide in the extracellular fluid (EC). These results are very similar to what is seen in a HeLa cell line genetically engineered for expression of wild type AT, the HTO/M cell line (13) shown in the right panel. In the BECs from the ATD patient (ZZ) only the ϳ52-kDa polypeptide is present in the intracellular lysate, and very little if any of the mature 55-kDa polypeptide is found in the intracellular lysate or extracellular fluid, results almost identical to what is seen in the genetically engineered HTO/Z cell line in the right panel (13) . These data were representative of what was observed in four different patients with ATD and provide evidence for expression of ATZ with its char- acteristic defect in biogenesis in at least one lung epithelial cell type from the patients. We also investigated the possibility that autophagy was activated in BECs from ATD patients. When compared with control, there was a marked decrease in p62 levels (Fig. 8B) and an increase in the LC3-II/LC3-I ratio (Fig. 8C) . Furthermore, the LC3-II/LC3-I ratio was further and markedly increased in the presence of lysosomal enzyme inhibitors, indicative of a marked increase in autophagic activity/flux. Last, TEM imaging of native lung tissue from six patients with severe, early onset lung disease due to ATD showed dilated endoplasmic reticulum associated with autophagosomes in respiratory epithelial cells and could be seen in both type I ( Fig. 9 ) and type 2 pneumocytes. Together these results indicate that the proteinopathy observed in respiratory epithelial cells of the PiZ mouse is also seen in human respiratory epithelial cells and that it is significant enough to cause morphological changes and increased autophagic flux in at least some patient specimens.
Excess Collagen Deposition in Human ATD Lungs-Next, we investigated whether excess collagen was deposited in lung tissue from ATD patients. Fibrosis is not mentioned in most descriptions of ATD (47), but lung tissue specimens from patients with COPD are not routinely subjected to histochemical staining for collagen, and recent studies suggest that it can be detected in some cases of COPD by sophisticated analyses (48 -50) . In six ATD patients with severe lung disease, TEM showed profound collagen deposition throughout the lung parenchyma, in alveolar septal walls as well as deposited adjacent to proximal and distal airways and within thickened basement membranes (Fig, 10 ). When these 6 ATD patients were compared with 9 normal controls by quantitative morphome-try, the percent area occupied by collagen (ATD 24.82 Ϯ 2.21 n ϭ 16, normal 5.126 Ϯ 0.787 n ϭ 10) and the thickness of the basement membrane (ATD 0.468 m Ϯ 0.014 n ϭ 91, normal 0.352 m Ϯ 0.016 n ϭ 54) were significantly increased in ATD specimens (p Ͻ 0.0001 two-tailed t test with Welch correction and two-tailed t test, respectively). Moreover, immunostaining for collagen I showed significantly increased staining in the ATD lungs (22.88 Ϯ 0.84, n ϭ 7) compared with normal controls (10.31 Ϯ 1.134, n ϭ 10), p Ͻ 0.0001 by two-tailed Mann-Whitney test. Next we received from the NHLBI, National Institutes of Health-funded LTRC 10 lung tissue specimens from ATD individuals with COPD and 3 lung tissue specimens from individuals with idiopathic pulmonary fibrosis as positive controls. The 16 ATD specimens, 3 idiopathic pulmonary fibrosis specimens, and 9 normal controls were subjected to Masson's trichrome staining and analyzed blindly by a lung pathologist (S.A.Y.) using a scale of 0 -4 for the degree of staining. In Fig. 11, left panel , several examples of normal controls and ATD specimens show that there is a significant increase in trichrome staining (blue) in the alveolar septal walls and airways of the ATD tissue. The results of the blinding scoring are shown in Fig. 11, right panel, and indicate that trichrome staining is significantly increased in ATD compared with normal, p ϭ 0.0118. All 3 of the idiopathic pulmonary fibrosis specimens were scored as 4ϩ. A total of 13 of 16 ATD patients had staining that was scored 1ϩ to 3ϩ. Four of the 16 ATD patients scored 3ϩ. Although pulmonary function results are collected by the LTRC, there was an insufficient number of the ATD individuals with full pulmonary function results that would permit us to determine any correlation between degree of trichrome staining and restrictive functional deficits. Never- DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 theless, these data indicate that excess collagen deposition is present in the lungs of patients with ATD, and the degree of collagen deposition is moderately severe in a subgroup. Because collagen deposition may occur in humans with ATD for other reasons, including cigarette smoking and as a part of bronchiectasis, it is not possible to determine whether this pathological characteristic in human lung specimens is wholly, or even in part, due to the proteinopathy mechanism.
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Discussion
The results of this study indicate that the PiZ mouse provides an attractive model for respiratory epithelial proteinopathies and has the unique characteristic of excess collagen deposition that occurs spontaneously. Previous studies have suggested that AT is synthesized in respiratory epithelial cells (18 -22) and mutant ATZ was detected in respiratory epithelium of the PiZ mouse (17) . We confirmed the concept that AT is synthesized in type I and type 2 pneumocytes and that misfolded ATZ accumulates in pneumocytes from the PiZ mouse as well as bronchial epithelial cells from patients with ATD. Furthermore we demonstrate that the accumulation of misfolded ATZ in pneumocytes has cellular consequences consistent with a proteotoxic effect, i.e. activation of autophagy with increased autophagic flux, identical to what occurs in liver cells in ATZ (9) and other cell types affected by proteinopathies (3, 10) . The increase in lung collagen deposition models the clinicopathological characteristics of several genetic diseases, including surfactant protein C deficiency (4 -6), surfactant protein A deficiency (51), and Hermansky-Pudlak syndrome (7, 8) . Although expression of mutant surfactant protein C in genetically engineered mice produces increased susceptibility to fibrotic stimuli (5, 52) , existing mouse models of these genetic diseases do not develop pulmonary fibrosis spontaneously (for review, see Ref. 23 ). In the PiZ mouse model the excess collagen deposition was not only spontaneous but was severe enough to produce significant and highly specific changes in pulmonary function, including decreased lung compliance, increased lung tissue resistance, decreased airway resistance, and altered hysteresis, consistent with a pure restrictive phenotype. The fibrotic effects were defined by clearly measurable outcomes including trichrome staining, Sirius Red staining, collagen I immunostaining, hydroxyproline content, and a demonstrable infiltration of CD45-stained cells. The magnitude of changes that defined each of these outcomes was in the range of, if not comparable to, what has been seen in the bleomycin models of pulmonary fibrosis (40, (43) (44) (45) . We can imagine two potential reasons for why this phenotype is manifested in the PiZ mouse model and not in previous models of respiratory epithelial cell proteinopathy; overexpression of misfolded ATZ is an artifact of transgenic "overexpression" in the PiZ mouse, or AT is expressed at higher levels physiologically in respiratory epithelial cells than surfactant proteins A or C. The high levels of expression of AT detected in human type I and type 2 pneumocytes ( Fig. 7 ) and the clear-cut evidence for accumulation of ATZ in bronchial epithelial cells to levels that increase autophagic flux (Fig. 8 ) led us to believe that the spontaneous fibrotic phenotype in the PiZ mouse is due to the second explanation, higher levels of expression physiologically.
A number of previous studies have indicated that autophagy plays a critical role in degradation of ATZ. Degradation of ATZ was impaired in autophagy-deficient ATG5-null murine embryonic fibroblasts (12) . ATZ co-localized with LC3 in a mammalian cell line model expressing a dominant-negative Rab that inhibits autophagosomal maturation (12) and ATZ co-localized with LGG, the Caenorhabditis elegans ortholog of LC3, by live organism imaging in a C. elegans model expressing GFP-ATZ and RFP-LGG chimeras (53) . Two series of results in this study show that autophagy also contributes to degradation of ATZ in the lung. First, steady state levels of ATZ in the lung were significantly increased in the PiZ x Bec mice with partial deficiency in autophagy compared with PiZ mice (Fig. 1D ). Second, levels of ATZ decreased in the lung of PiZ mice who received lung-directed gene transfer of TFEB, the master transcriptional activator of the autophagolysosomal system.
This study also provides additional evidence for the importance of the autophagic response as a proteostatic mechanism in lung proteinopathies as has been shown for other tissues (3, 9, 10) . Autophagy is increased in lung epithelial cells from PiZ mice and humans. Lung pathology is worsened when the autophagic response was partially impaired and almost completely eliminated when autophagy was enhanced either by systemic drug therapy or lung-directed gene therapy. Although further studies in which expression of ATZ and the autophagic response are manipulated in specific types of respiratory epithelial cells will be needed to definitively prove a cause-andeffect relationship, these results provide, at the very least, a suggestive link between respiratory epithelial cell proteinopathy, autophagy, and the fibrotic response in the lung.
There are at least two other reasons that a model with spontaneous fibrosis characterized by easily measurable outcomes represents an important advance for the field. First, the model can presumably be used to advance understanding of the mechanism by which epithelial cytotoxicity leads to lung fibrosis. This study does not address potential mechanisms, but several clues are suggested by previous results from accumulation of misfolded ATZ in the liver, including TGF␤ and its downstream target connective tissue growth factor (13, 14) . These pathways have been previously implicated in lung fibrosis due to epithelial proteotoxicity (23, 54, 55) and in the mechanism of fibrosis in numerous other tissues (56) . Second, the model provides a powerful tool for testing potential therapeutic strategies for pulmonary fibrosis. In this report, for example, we investigated the possibility that therapeutic strategies that enhance autophagy could reverse pulmonary fibrosis. Analyses of lung collagen deposition, leukocyte infiltration, and pulmonary function were used to test two strategies. Systemic administration of drugs that enhance autophagy, CBZ and Flu, decreased lung collagen deposition, leukocyte infiltration, and pulmonary function. Activation of autophagy by lung-directed expression of transcription factor TFEB using helper-dependent adenoviral gene delivery also had a remarkable effect, reversing all of the markers of pulmonary fibrosis. These results are important because they indicate that autophagy in the lungs themselves counteracts the fibrotic process. The salutary effects of CBZ and Flu are particularly important because these drugs are Food and Drug Administration-approved for other clinical purposes, and so the results in the PiZ mouse provide preclinical validation sufficient to move immediately into phase II/III clinical trials for some devastating diseases. . Trichrome staining (blue) of human lung specimens. A, sections from the lungs of two normal controls are shown in the upper panels and from three ATD patients are shown in the lower panels. B, scoring from blinded pathological ranking of the degree of trichrome staining for lung tissue specimens from idiopathic pulmonary fibrosis (n ϭ 3), ATD (n ϭ 16), and normal (n ϭ 9). Scores for ATD were significantly greater than normal, p ϭ 0.0118.
The results also provide further evidence for considering autophagy enhancer therapy for other proteinopathies, especially as autophagy appears to counteract fibrosis from another hepatic proteinopathy and fibrinogen storage disease (57) as well as cardiac and skeletal muscle proteinopathies (3, 10) .
We also used human lung cells and tissue specimens to determine whether the PiZ mouse models, something that occurs in the human disease ATD. Significant expression of AT is apparent in human respiratory epithelial cells (Fig. 7) , and misfolded ATZ accumulates within respiratory epithelium from patients with ATD ( Fig. 8 ). Although expression of AT and misfolded ATZ in respiratory epithelial cells may be less than in liver cells, the accumulation of ATZ in bronchial epithelial cells, as the only accessible model of human respiratory epithelial cells from ATD patients, was sufficient to activate a marked autophagic response (Fig. 8 ). The results also show significant collagen deposition in the lungs of patients with ATD ( Figs. 9 and 10 ). Fibrosis has rarely been mentioned in the pathological studies of the lung in ATD (47), but trichrome staining has not been done in lung specimens from this population. 3 Using trichrome staining and blinded pathological analysis, excess collagen deposition was found in 13 of 16 ATD lung specimens (Fig. 11) , and marked deposition of collagen was detected by TEM in the lungs of 6 patients with severe ATD lung disease (Fig. 10) . Furthermore, careful and sophisticated techniques have been needed to discover that some patients with common forms of COPD have co-existing fibrotic pathology (48 -50) . However, our study has a relatively small sample size, and the fibrosis we detected in human ATD lung specimens could be due to other causes including cigarette smoking and bronchiectasis, both of which are known to be issues in patients with ATD for whom lung tissue is available. Thus, the results of this study do not meet the criteria of establishing a link between respiratory proteinopathy and lung fibrotic disease in ATD.
It is also important to point out what the PiZ mouse does not represent as a model system. We know that the major pathological and physiological characteristics of the lung in ATD are obstructive in nature, and there is abundant evidence that this is related to loss-of-antiprotease function. Because the PiZ mice have endogenous anti-elastases, they cannot, by definition, manifest loss-of-function for AT. Furthermore, we did not detect any emphysematous changes in the lungs of the PiZ mouse and neither elastase nor cigarette smoking challenge could elicit emphysema-like pathology in this mouse. Rather, the data reported here indicate that PiZ mice model only gainof-function effects that evolve from respiratory epithelial cell proteinopathy and merely suggest the possibility that these gain-of-function effects are contributing factors to lung disease in humans with ATD that is predominated by emphysema pathology from the loss-of-antiprotease function mechanism. Proteinopathy could theoretically constitute one of the factors that has prevented AT replacement therapy from completely arresting the progression of ATD lung disease even though it corrects the loss-of-antiprotease function (58 -65) . If gain-offunction proteotoxic mechanism is eventually shown to con-tribute to lung disease in ATD, we suspect it would only affect a subgroup. We know that only a subgroup of ATD patients get liver disease, which is purely caused by the gain-of-function proteotoxic mechanism (1, 66) . In this study we found particularly significant collagen deposition in 4 of 16 ATD lung specimens. Presumably this subgroup is characterized by genetic and/or environmental modifiers that lead to an exaggerated fibrotic response or impair the function of pathways responsible for intracellular disposal of misfolded proteins (53, 67) .
Previous studies have introduced the notion that gain-offunction mechanisms may be responsible for some of the lung pathology in ATD, specifically leukocyte infiltration (68, 69) . Several groups have theorized that neutrophils are attracted into the lung by polymerized ATZ deposited in the lung interstitium and that the neutrophilic inflammatory effects increase the severity of lung disease. In support of this theory, ATZ polymers, which are known to be chemotactic for neutrophils, have been found in ATD lung and furthermore that the ATZ polymers co-localize with neutrophils in the alveoli of ATD specimens (70) . This theory is entirely consistent with the well known abundance of neutrophils and neutrophil effectors such as leukotriene B4 and IL-8 in bronchoalveolar lavage fluid in ATD (71, 72) . The ATZ polymers could diffuse from either the blood or body fluids, but local production has been implicated by the finding of ATZ polymers in the bronchoalveolar lavage fluid of a patient with ATD after liver transplantation (73) . Because normal AT was present in the blood of this patient, the mutant ATZ in the lung fluid would likely have been produced locally. The results of our study, using a model system that is purely affected by gain-of-function, suggest that leukocyte infiltration of the lungs is due to epithelial cell proteotoxicity because it is reversed when the epithelial load of misfolded ATZ is reduced by pharmacological or genetic manipulation that enhances autophagy. However, further studies are necessary to address this distinction, and it is entirely possible that both mechanisms, leukocyte chemotaxis-mediated by ATZ deposition or by the effects of respiratory epithelial cell proteotoxicity, play roles as additional factors in the lung pathology of ATD.
In summary, the studies reported here demonstrate that the PiZ mouse is a robust model of spontaneous pulmonary fibrosis due to proteinopathy in respiratory epithelial cells. Drug-and gene-based strategies that enhance autophagy reverse this phenotype and should now be considered for testing in human respiratory proteinopathies and perhaps together with replacement therapy for some patients with lung disease due to ATD. 
